Lactobacihs delbrueckii subsp. bulgaricus CNRZ 397 (tb. bulgaricus) is characterized by a high level of peptidase activities specific to prolinecontaining peptides. A prolidase (PepQ, EC 3.4.13.9) was purified to homogeneity and characterized as a strict dipeptidase active on X-Pro dipeptides, except Gly-Pro and Pro-Pro. The values for Km and Vmpx were, respectively, 2.2 mM and 0.33 mmol min'l mg-l, with Leu=Pro as the substrate.
INTRODUCTION
Due to the unique structure of proline, the presence of this imino acid in a polypeptide chain restricts its susceptibility to proteolysis, so many proteases are unable to cleave a peptide bond involving proline. Caseins are proline-rich proteins which are hydrolysed during milk fermentation and cheesemaking conducted with lactic acid bacteria.
We have identified and characterized several proteolytic enzymes in Lactobacillus delbrueckii subsp. bulgaricus F. MOREL and OTHERS which is able to catalyse the removal of X-Pro dipeptides from oligopeptides containing a proline residue at the penultimate position. This serine peptidase is a homodimer of 150 kDa (Atlan et al., 1990) . X-Pro dipeptides can then be hydrolysed by a proline dipeptidase (EC 3.4.13.9, prolidase, PepQ) that has already been purified from Lactobacillus casei subsp. casei and Lactococcus lactis subsp. cremoris (Fernandez-Espla et al., 1997; Kaminogawa et al., 1984; Booth et al., 1990) . The pepQ gene has recently been isolated from Lactobacillus delbrueckii subsp. lactis (Lb. lactis) and Lb. bulgaricus B14 (Stucky et al., 1995; Rantanen & Palva, 1997) . Little is known about the effectors controlling the biosynthesis of proline-specific enzymes (Meyer et al., 1996) .
In this paper, a broad investigation of PepQ from Lb. bulgaricus CNRZ 397 was undertaken. PepQ activity was determined after growth of Lb. bulgaricus cells in different media and the enzyme was purified and characterized. The pepQ gene was isolated and expressed in a PepQ-deficient strain of E. coli. In addition a survey of the occurrence of PepQ protein among lactic acid bacteria was performed.
METHODS
Bacterial strains and culture conditions. Bacterial strains used in this study are listed in Table 1 . E. cold FM9001 is a RecAderivative from CM91 (Miller & Schwartz, 1978) and was obtained by recombination with strain MCL31 (Lorence & Rupert, 1983) . Spontaneous mutants of FM9001 were selected on synthetic medium M63 (Miller, 1972) supplemented with glucose (2 g l-'), amino acids (methionine, leucine and proline ; 0 1 g 1-l) and 2 mM Val-Pro-Leu. Valine is toxic for E. coli, and only cells unable to hydrolyse the tripeptide were able to grow on this selective medium. The resulting mutant strain FM9003 selected for further study is deficient for prolidase (PepQ) and aminopeptidase P (PepP) activities. E. coli was grown aerobically at 37 "C in LB medium (Miller, 1972) . When required, LB medium was supplemented with 1OOpg ampicillin ml-', 100 pg erythromycin ml-l or 50 pg kanamycin ml-'. Lactobacilli were routinely grown anaerobically in MRS broth (Difco) (de Man et al., 1960) at 40 "C for thermophilic strains (Lb. bulgaricus, Lb. lactis and Lactobacillus helveticus) and 30 OC for Lb. casei. Lc. lactis was grown at 30 "C in M17 broth supplemented with 5 g glucose 1-1 (Terzaghi & Sandine, 1975) . Reconstituted Gamma milk (10 '/o ) was made by adding sterile water to skim milk powder sterilized by y radiations (Prolait, Niort, France). Growth was estimated by measuring OD,,,: One OD,,, unit corresponds to 0.5 mg and 025 mg bacterial dry weight ml-l for E. coli and Lb. bulgaricus, respectively.
Preparation of cell extracts. For enzyme purification experiments, Lb. bulgaricus cells were collected at the end of the exponential growth phase, washed in 50 mM sodium phosphate buffer pH 7 2 and resuspended in distilled water (4 x lo9 cells ml-l). For other total cell extracts, lactic acid bacteria were grown in 50 ml medium to exponential phase, washed and resuspended in 5 m102 M Tris buffer pH 7.0. E. coli cells were grown in 50 ml LB medium supplemented with kanamycin, washed and resuspended in 5 mlO.1 M sodium citrate buffer pH 6.0. Cells were disrupted in a French pressure cell (138 MPa). The homogenate was centrifuged at 15000g for 45 min or at 25000 g for 20 min. The resulting supernatant (total cell extract) was used for further enzyme studies.
Protein and enzyme assays. Proteins were estimated by the method of Bradford (1976) with crystalline bovine serum albumin (Sigma) as a standard. PepQ activity was routinely assayed by the method of Yaron & Mlynar (1968) . Unless otherwise stated, the enzyme reaction was performed at 40 "C in 0.25 ml 0 1 M sodium citrate buffer pH 6.0, containing 2 5 mM ZnSO, and 6.4mM Leu-Pro. The reaction was stopped by the addition of 062ml ninhydrin reagent ( 6 g ninhydrin dissolved in 200 ml of a 6 M phosphoric acid/glacial acetic acid mixture, 80: 120, v/v) and 0.62 ml glacial acetic acid. The solution was heated at 100 "C for 30 min and the A,,, measured.
PepP activity was estimated by the assay of tyrosine released from human casomorphin. The reaction was carried out at 40 "C in 0.1 M sodium citrate buffer pH 6.0 containing 5 mM ZnSO, and 0.5 mM human casomorphin, and was stopped by rapid cooling. Products were analysed at room temperature by reverse-phase chromatography on a Pep RPC column (Pharmacia) equilibrated in 0 1 trifluoroacetic acid (TFA) in water (mobile phase A). The samples to be analysed were made up to 0.2 ml with A and injected onto the column, which was eluted as follows: from 0 to 3 min, an isocratic elution with A, and from 3 to 20 min, a linear gradient of 100% A to 100 O/O B (mobile phase B : 0.1 ' / o TFA in acetonitrile). The flow rate was 0.7 ml min-l and the UV detector was adjusted at 278 and 215 nm. Under these conditions, tyrosine is eluted at 7.4 min and tyrosine-depleted human casomorphin and casomorphin at 14 and 15.25 min, respectively. Amino acids were separated by thin-layer chromatography on silica gel 60F254 thin-layer plates (Merck). Acetic acid/n-butanol/water (1/4/1, by vol.) was used as the developing solvent, and 0.25 O/ O (w/v) ninhydrin in acetone as the locating agent. The spots were developed by heating at 100 OC for 5 min.
PepX, PepIP and PepN activities were assayed as described previously with respectively Ala-Pro-, Pro-and Lys-pnitroanilide as the substrate (Gilbert et al., 1997) . One unit of enzyme activity was defined as the amount of enzyme that releases 1 pmol product (proline, tyrosine or p-nitroanilide) min-l. (NH,) ,SO, were pooled and applied to a column (12 x 2 6 cm) of DEAE-Trisacryl equilibrated in 20 mM Tris/HCl pH 7.4, 1 mM ZnSO,. The column was then washed with 50ml of the equilibration buffer. Elution was performed using a linear gradient from 0 to 500 mM NaCl (total volume 300 ml) at a flow rate of 1.5 ml min-l. Fractions of 6 ml were collected and two peaks of UVabsorbing material, named A and B, were eluted at 250 mM and 400 mM NaCl concentrations, respectively. Peak A contained the enzyme activity ; it was then chromatographed on a Source l5Q column (7-5 x 0.75 cm) equilibrated in 20 mM sodium acetate pH 5.5, 1 mM ZnSO,. Chromatography was developed at a flow rate of 0.75 ml min-l as follows : from 0 to 5 min, the equilibration buffer, then for 60 min, a linear gradient from 0 to 300 mM NaCl; 1.5 ml fractions were collected and the active fraction was loaded onto a Mono Q HR 5/5 column (Pharmacia) equilibrated in 20 mM sodium acetate pH 4-8, 1 mM ZnSO,. Chromatography was developed at room temperature as follows: from 0 to 3 min, the equilibration buffer, then for 30 min, a linear gradient from 0 to 300 mM NaCl; the flow rate was set at 1 ml min-l and 1 ml Stoker et al. (1982) This work
This work
This work Stucky et al. (1995) This work This work fractions were collected. The active fraction was treated by hydrophobic interaction chromatography at 20 "C, using a 1 ml phenyl Sepharose HP column (Pharmacia). The column was equilibrated in 20 mM sodium acetate p H 5.5, 1 mM ZnSO,, 1 M (NH,),SO,, and eluted as follows: from 0 to 4 min, the equilibration buffer, and from 4 to 30 min, a descending linear gradient from 1 M to 0 M (NH,),SO,. Fractions of 0.8 ml were collected with a flow rate of 0 4 ml min-'. Finally, the active fraction was treated by size-exclusion chromatography at room temperature on a Superose 12 H R column (Pharmacia) equilibrated in 20 mM sodium acetate pH 5.5, 1 mM ZnSO,, 100 mM NaCl. The flow rate was 0 4 ml min-l and 0 8 ml fractions were collected. Cytochrome c (12.4 kDa), carbonic anhydrase (29 kDa), ovalbumin (46 kDa), bovine serum albumin (69 kDa) and a-amylase (200 kDa) were the molecular mass standards.
Electrophoretic techniques, Western blotting and immunoblotting. SDS-PAGE was carried out by the method of Laemmli (1970) . Proteins were visualized using the Quick Silver detection kit (Amersham) or by Coomassie blue.
Thin-layer gel electrofocusing was performed with the LKB2117-Multiphor I1 (LKB Produkter) in the p H 3-5-10 range; the gel was 0.5 mm thick. The detection procedure was the same as for SDS-PAGE. Recombinant DNA procedures. Restriction endonucleases, Klenow DNA polymerase, T 4 DNA ligase and T 4 polynucleotide kinase were obtained from New England Biolabs and Life Technologies-Gibco-BRL, and used according to the manufacturers ' instructions. Plasmid extraction and E. coli transformation were carried out as described by Sambrook et al. (1989) . DNA fragments were purified with the Ultraclean Gen-apex DNA purification kit (Prolabo) . DNA sequencing was performed using the T7-sequencing kit (Pharmacia) .
PCR and inverse PCR amplifications, and plasmid construction. Plasmids used in this study are listed in Table 1 . PCR was performed using the AdvantageTM Genomic PCR kit (Clontech) and primers were provided by Life TechnologiesGibco-BRL, The kit contains a polymerase providing 3' -5' proof-reading activity, which ensures high fidelity. PCR amplification of the pepQ gene was carried out with chromosomal DNA from Lb. bulgaricus CNRZ 397 as a matrix and primers QStart (5' CCCATCGATTTAGACAAATTACAA-AAC 3') and QStop (5' GCGCAAGGCATAATTGTATAC-GA 3') (see Fig. 2a ). These primers were chosen according to the sequence of pepQ from Lb. lactis DSM 7290 (Stucky et al., 1995) . Primer QStart contains the ATG start-codon and two base changes allowed the insertion of a ClaI restriction site. Primer QStop is located 76 nt downstream the stop-codon of the pepQ gene and contains a BstllO7I restriction site. PCR product was digested with ClaI and Bstll07I restriction enzymes and inserted into the pUC18 vector (pQF6; see Table  1 and Fig. 2a ). Inverse PCR, performed by the method of Ochman et al. (1990) , was used to amplify the chromosomal region upstream of pepQ. For amplification of the promoter region, chromosomal DNA from Lb. bulgaricus was digested with EcoRI. Resulting fragments were circularized with T4 DNA ligase, and used for PCR amplification with primers InvQl (5' GTCCATCCCGTTTTCCTGC 3') and InvQ2 (5' GAAGAAGCCAAGGCATCAGC 3') (see Fig. 2a ). These primers have divergent directions and are located in the 5' part of the pepQ gene. They were chosen according to the sequence of pepQ from Lb. bulgaricus CNRZ 397. The PCR product was cloned into the pUCl8 vector after Klenow and kinase treatments (pQA3, Table 1 ). For the amplification of pepR1, chromosomal DNA from Lb. bulgaricus was digested with PstI. Resulting fragments were circularized and used for PCR amplification with primers InvRl (5' CCGTTTGATGAAG-GAAGACGCCG 3') and InvR2 (5' ACATTGTTGTTGCC-GTTGACTACCCG 3') (see Fig. 2a ). These primers have divergent directions and are located in the 5' part of the pepR1 gene. They were chosen according to the sequence of pepR1 from Lb. bulgaricus CNRZ 397. The PCR product was cloned into the pJDC9 vector after Klenow and kinase treatments (pRF1 , Table 1 ). Plasmid pQLB18 was constructed by replacing the 1.1 kb PstI-XbaI fragment of pMS2 with the 1.1 kb PstI-XbaI fragment of pQF6, corresponding to the pepQ-encoding region of Lb. bulgaricus (Table 1 and Fig. 2a ).
Plasmid pQBB12 was derived from pQLB18, in which the 0.6 kb EcoRI-PstI fragment was replaced by the 0.6 kb EcoRI-PstI fragment of pQA3, corresponding to the promoter region of Lb. bulgaricus (Table 1 and Fig. 2a) .
RESULTS

Peptidase activities of Lb. bulgaricus
Activities of three proline-specific peptidases (PepQ, PepX, PepIP) and a general aminopeptidase (PepN) were assayed in total cell extracts from Lb. bulgaricus.
Bacterial cells were grown in MRS, a peptide-rich medium, or in milk, which contains a very low amount of peptides and free amino acids (Table 2) . PepX, PepIP and PepN activities did not significantly differ after bacterial growth in MRS or milk. By contrast, PepQ activity assayed from MRS cultures was twofold higher than that from milk cultures (2.6 and 1.3 U mg-l, respectively). The addition of peptides (tryptone or Leu- Pro) to milk cultures did not significantly modify PepQ activity.
PepQ purification and properties
PepQ purification was achieved by a six-step procedure described in Methods ; quantitative results are summarized in Table 3 . The purified protein was electrophoretically pure (Fig. 1) and was used for all the enzyme characterizations. In order to keep the prolidase activity at a reasonable level, it was necessary to carry out all the purification steps in the presence of 1 mM ZnSO,.
Under our assay conditions, PepQ activity was optimal in the range 40-50 "C and fell abruptly beyond 50 "C and 55 "C. The optimal pH was 6-0. The isoelectric point of PepQ was pH 4.5. At 40 "C, the substrate LeuPro was hydrolysed with a K , of 2.2 mM and a Vmax of 0.33 mmol min-' (mg protein)-'.
PepQ is not a serine enzyme since it was inhibited neither by 1 mM p-amidinophenylmethylsulfonylfluoride (APMSF) nor by 1 mM 3,4-dichloroisocoumarin. Complete inhibition occurred in the presence of 1 mM bestatin or 1 mM DTT. PepQ activity was inhibited by 1 mM EDTA, and in order to reverse this inhibition or to activate the prolidase, Zn2+ was found to be the best of the divalent cations tested (Zn2+, Ca2+, Co2+, Cu2+, Mg2+, Mn2+, Ni2+).
Studies of substrate specificity showed that the purified enzyme is highly specific for dipeptides of the X-Pro type, except for Pro-Pro and Gly-Pro, which underwent very low hydrolysis (if any) as compared with the dipeptides made of Arg, Leu, Phe, Val as N-terminal amino acid (Table 4) . Therefore, the purified enzyme is strictly a proline dipeptidase with no detectable PepP activity.
On SDS-PAGE, the enzyme migrated like a molecule of about 50 kDa (Fig. 1) . On size-exclusion chromatography and under non-denaturing conditions [20 mM sodium acetate, 1 mM ZnSO,, 100 mM (or 300 mM) NaCl pH 5.5 buffer], the apparent molecular mass ranged from 68 to 70 kDa; under denaturing conditions (5 M urea), the apparent molecular mass dropped to approximately 45 kDa, a value very close to that determined from the deduced amino acid sequence Table 3 . Distribution of protein and prolidase activity upon purification of the total extract Purification step " Recovery is the enzyme activity in the fraction expressed as a percentage of that in the total extract. encoded by pepQ (41 kDa). Taken together, the results strongly suggest that PepQ is a homodimer.
Cloning and analysis of the p e p 0 gene region
QStart and QStop primers were used for the PCR amplification of pepQ from the L6. butgaricus chromosome. Considering the high DNA sequence identity between L6. delbrueckii subspecies, these primers were chosen according to the sequence of the pepQ gene from Lb. lactis DSM 7290 (Stucky et al., 1995 + The susceptibility of human casomorphin to the prolidase action was studied by measuring the appearance of tyrosine by reverse phase chromatography.
and InvR2 primers, and cloned into the pJDC9 vector (pRF1, Table 1 ).
The sequence of the overall region (3553 nt) was determined from DNA inserts of pQF6, pQA3 and pRF1. Nucleotide sequence comparison with the corresponding region from Lb. Zactis DSM 7290 showed 98 '/o identity (Stucky et al., 1995 (Stucky et al., , 1996 . DNA sequence analysis revealed two divergent open reading frames (ORFs) (Fig. 2a) in reference to Lb. lactis DSM 7290. The pepQ-pepR1 intergenic region contains a putative -35 box, -10 box and RBS promoter sequences of both genes (Fig. 2a) .
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The two -35 sequences are separated by 25 bp. The Lb. bulgaricus RBS sequence of pepR2 differs in one base from that of Lb. lactis DSM 7290 (Fig. 2b) . A wellconserved consensus catabolite-responsive element (CRE) overlaps the -35 box of pepR2.
Amino acid sequence analysis of PepQ protein
The deduced amino acid sequence of PepQ is in agreement with the first 20 amino acids of the Nterminal sequence of the purified enzyme (data not shown (Stucky et al., 1995) .
A computer search in protein databases revealed significant similarity between the amino acid sequence of Lb. bulgaricus PepQ and aminopeptidases P (PepPs), methionyl aminopeptidases (PepMs) and creatinases, particularly in the C-terminal two-thirds of the sequences. According to Rawlings & Barrett (1995) , prolidases, PepPs and PepMs constitute the M24 family of metallopeptidases. Previous reports concerning PepQ from Lb. lactis DSM 7290 and Lb. bulgaricus B14
claimed that these enzymes contain a Zn-binding site (HEXXH motif) characterizing Zn-metallopeptidases (Stucky et al., 1995; Rantanen & Palva, 1997) . In contrast to this statement, proteins of M24 family are characterized by the absence of a consensus Zn-binding motif and contain metal atoms that are not necessarily zinc. The three-dimensional structure of PepM from E. coli shows that the active site consists of five residues binding two cobalt atoms (Roderick & Matthews, 1993) . These five metal ligands (Asp-223, Asp-234, His-298, Glu-327 and Glu-341 in the PepQ sequence of Lb. bulgaricus) are well conserved as shown in Fig. 3 . coli (P21165) (Nakahigashi & Inokuchi, 1990 ), respectively; line 3, human prolidase (PepD) (P12955) (Tanoue eta/., 1990) ; lines 4 and 5, PepPs from E. coli (P15034) (Yoshimoto eta/., 1989) and Lc. /actis (Y08842) (Matos et a/., 1998) , respectively; lines 6 and 7, PepMs from E. coli (PO7906) (Fujita et a/., 1994) and Bacillus subtilis (P19994) (Nakamura et a/., 1990) , respectively. Database accession numbers are listed above in parentheses after each species. The five conserved metal ligands are shown in bold letters; numbering corresponds to the sequence of Lb. bulgaricus PepQ; conserved amino acids are indicated by an asterisk. PepQ from L6. bulgaricus (Fig. 4) . A single 48 kDa band was observed in extracts from E. coli strains carrying pMS2, pQLB18 or pQBB12, whereas no signal was observed with strains harbouring pLG339. This apparent size was in accordance with the SDS-PAGE migration of the purified protein (Fig. 1) (Rantanen & Palva, 1997) . Under pH-controlled conditions, orfZ was shown to be expressed at a very low level and to encode a 41 kDa protein without any enzyme activity. It cannot be excluded that in Lb. bulgaricus CNRZ 397, a minor band with a similar molecular mass corresponds to an o r f i gene product.
DISCUSSION
The PepQ enzyme we purified from Lb. bulgaricus CNRZ 397 exhibits a narrow specificity towards X-Pro dipeptides, as expected for a prolidase. Nevertheless, analysis of PepQ from Lb. bulgaricus revealed some significant differences as compared to prolidases already described in other micro-organisms. (i) It is the first time that a prokaryotic PepQ is described as a homodimer.
( General features shared by Lb. bulgaricus PepQ and other described prolidases are the inhibition by chelating and reducing agents, and the requirement of a divalent cation for the enzyme activity. The active site of human prolidase PepD, which requires Mn2+ as cofactor, has been extensively studied (King et al., 1989) . In the proposed model, Mn2+ participates in the substrate positioning, and, in theory, this role could be effected by another divalent cation such as Zn2+. The specificity of prolidases towards different cations remains to be elucidated.
Peptide sequence analysis showed that PepQ does not belong to the large family of Zn-metallopeptidases, but rather ranks among the M24 family of metallopeptidases, which also comprises PepMs and PepPs (Rawlings & Barrett, 199.5) . Bazan et at. (1994) proposed that these enzymes, and also creatinases, share a common structure, in which five conserved residues bind two divalent cations. The metal ligands are located in the C-terminal part of the protein, and it was not surprising to find the highest sequence identity between Lb. bulgaricus and other M24-family-related proteins in this region.
Lb. bulgaricus and Lb. lactis DSM 7290 pepQ genes have been expressed in E. coli (PepQ-PepP-strain) , and the transcription level appeared significantly higher with the Lb. bulgaricus promoter region. Some differences in the nucleotide sequences were observed between the intergenic regions of Lb. lactis DSM 7290 and Lb. bulgaricus, particularly in the RBS sequence of pepR1. The Lb. bulgaricus sequence could lead to a better binding of the 16s rRNA from E. coli, but the effect on the transcription of pepQ remains unclear (Shine & Dalgarno, 1974) .
Peptidase regulation mechanisms have received little attention (reviewed by Gonzales & Robert-Baudouy, 1996; Meijer et al., 1996) . With regard to the proteolytic system of Lb. bulgaricus CNRZ 397, we have previously shown that biosynthesis of two aminopeptidases (API and APIII) was subject to a regulatory mechanism related to the composition of culture medium (Atlan et al., 1989) . Biosynthesis of the cell-surface proteinase (PrtB) was also dependent on the peptide concentration of the culture medium (Gilbert et al., 1997) . In the present paper, a regulation mechanism for PepQ biosynthesis has been demonstrated for the first time. The mechanism involved is probably different from that controlling biosynthesis of PrtB, API and APIII, as well as lactococcal PepN and PepX, because PepQ biosynthesis is not dependent on extracellular peptide concentration (its substrate Leu-Pro included). A possible control could be ascribed to the presence of the close location of the promoter region of pepR2 , including a well-conserved CRE sequence. The PepRl-deduced sequence is significantly similar to CcpA protein, which is involved in catabolite repression in Gram-positive bacteria. CcpA is known to bind specifically to CRE sequences via its helix-turn-helix domain, and consequently to repress the expression of catabolic operons displaying CRE sequences (reviewed by Saier et al., 1996) . Such a CRE sequence was found in the pepR1-pepQ intergenic region and might be the target of a transcription factor such as PepRl itself.
Experiments related to the potential role of PepRl in catabolite repression and/or pepQ transcription are now in progress. The biosynthetic regulation of two peptidases by components implicated in catabolite repression has already been described in Salmonella typhimurium (Conlin et al., 1994; Lombard0 et al., 1997) . The physiological significance of such a mechanism is not known. The identification of mechanisms involved in the biosynthetic regulation of peptidases will provide a better understanding of the role of these enzymes in the caseinolytic pathway of lactobacilli.
